Abstract. This article provides a broad and extensive literature survey on optimisation of shot peening process that have been developed and applied in the past decades and summarises the knowledge that has been gained and then points out the shortages of the important investigations in optimisation of shot peening process. On this basis, optimisation function is formulated and genetic algorithm is chosen to conduct the optimisation. This optimisation screens out the influential parameters and provides the weights of different parameters in terms of their influence of shot peening outputs.
Introduction
Shot peening is an established cold working process and a surface finish treatment widely used to improve the fatigue life of metallic components [1, 2] in aero industry [3] , power generation, automotive and biomedical [4] since it produces compressive residual stresses in top layer of the peened surface to delay initiation of fatigue failure and retard its propagation [4] . It is a process that one solid sphere impacts another solid surface [5] . Apart from the compression, shot peening also induces surface roughness and causes cold work to the peened component [4] both of which are detrimental to the fatigue life of components. All the three products are influenced by several continuous and discrete parameters [6, 7] which have a deterministic influence on the effectiveness of this shot peening [7] . Among some of these parameters, interactions exist between each other [8] . Most importantly the benefit, namely the potential to increase components' fatigue life, depends on a reasonable selection of those influential parameters [2] .
In order to control the surface roughness and cold work under an acceptable level and take good advantage of the compression hereof, many researches tried to optimise shot peening process during the past decades. DOE was the most frequently used method. An early important investigation done by Baragetti [5] used Taguchi method to analyse the numerical simulation results of shot peening result in an optimisation of seven parameters. Later, Evans [9] derived mathematical expressions for the indentation of surfaces and proposed a procedure for optimisation. Rodopoulos, et al. [10] used the effects neutralisation model, besides design of experiment, to optimise the parameters of shot peening and efforts were made to define the optimum levels and tolerances. One important initiative is the stress relaxation which was used to examine the stability of compressive residual stresses. However, there was also only two levels for each parameter. George, et al. [11] used the Taguchi method to optimise process parameters of shot peening with two levels of each design variable from the selected four parameters and analysed interactions between parameters. Besides DOE, many other methods were used to optimisation of shot peening processes. Baragetti, et al. [12] proposed a numerical procedure (a software) which could predict shot peening effects through a non-dimensional function with which shot peening parameter levels could be chosen for a particular application. Petit-Renaud, et al. [13] established an empirical relationship between parameters of a typical shot peening process and measures of residual stress, and based on this relationship they optimized the parameters with a single objective optimisation function. Miao, et al. [14] explored the relationship between parameters and residual stresses and surface roughness, and independently considered the surface integrity as the optimisation objective to optimise a shot peening process. Later, using the design and analysis of computer experiments method, Maximisation of residual compressive stress, minimisation of surface roughness and cold work were set as objectives of optimisation function by Bhuvaraghan, et al. [15] . They firstly considered friction between the shot and its corresponding surface and resulted in determination of the optimum area under compressive residual stress curve while keeping the cold work and roughness below the specification limits.
The shortages of these investigations include four points: (a) symmetric boundary conditions used which lead to non-balanced in-depth residual stress states according to Klemenz, et al. [16] and Klemenz, et al. [17] , (b) rigid shot may increase the amplitude of compressive residual stresses, (c) the optimisation objective is only the compressive residual stresses and (d) most importantly the only two or three levels setting for each parameter might lead to losing fidelity of results. Additionally, all the investigations are not in consistent in terms of the parameter settings, which brings difficulties to comparisons and further academic uses for subsequent investigations. Either, none of those researchers has yet optimised this surface treatment systematically.
Formulation of optimisation
Objectives of Optimisation and Its Solution Methods. For the three effects of shot peening on the target material, residual stresses on the top layer is beneficial to improve the fatigue resistance of the material, hence it should be maximised. While, the material hardening may lead to stress relaxation of compressive residual stress on one hand [15] ; and on the other hand surface roughness, more exactly the height of the cavities caused by impacts has a potential to weaken the benefits of compressive residual stresses and cause corrosive cracks [18] . Further, the material hardening could be calculate by the measurement of the material plastic strain at the yield point of the material and the cold work could be calculate by the measurement of the plastic strain of the peened surface [19] . Therefore, the applicable objectives of the model should be: (1) maximisation of the compressive residual stresses, (2) minimisation of material hardening and (3) minimisation of surface roughness. Constraints of influential Parameter. For optimisation purpose, only those influential and also controllable parameters are taken into consideration in literature are summarised as following. Those parameters includes the initial velocity, diameter of the shot, incidence angle, moment of shot, exposure time, material of shot and plate and coverage. Each parameters hereof has its own variation range which is discussed as following. First, initial velocity could be set from 20m/s to 100m/s according to literature Frija, et al. [20] while Marsh [21] set it as 40m/s to 120 m/s. Although Soady [22] contended that it ranges from 40m/s to 70m/s, the range from 20m/s to 120m/s could be safe to cover the whole range from the industrial situation completely rather than partially in case. Second, the size/diameter of shots should be discrete values between 0.0450mm to 4.75mm [23] and the values are set in SAE J444 [23] . Note that most researchers such as Xie, et al. [24] set the values according to this range while 38mm was used for 3D by Klemenza, et al. [25] . Third, values of incidence angle could be set at a range of 45º to 90º [26] with respect to the target surface for it is energy-saving and also consistent with reality operation. Fourth, the time of shot peening could be set as pre-stressed or not, since pre-stressing techniques could increase the maximum compressive residual stress [28] . Fifth, the exposure time could be set as the peening times of the surface since the longer the exposure time, the more is the probabilistic peening times of the surface. Sixth, the material of shots could be set as the common materials are ceramic, steel and glass according to Champaigne [29] and Frija, et al. [20] . Last, the target material should be set according to which kind of components since different components have different common materials.
Optimisation of Shot Peening Process
Optimisation algorithm for the multiple-objective function. NSGAII is a non-dominated Sorting Genetic Algorithm and well-suited for highly non-linear design spaces and for discontinuous design spaces [30] . Based on the specific multiple optimization problem, the algorithm NSGA II was set as follows in Table 1 following the rules [31] . The population size controls the number of solutions generated at each iteration (generation) and its initial population is generated randomly or assigned from an external source. The number of generations controls the number of iterations that the algorithm will execute before termination and it was set as 100. Crossover Probability controls the probability with which parent solutions are recombined to generate the offspring solutions and its range is between 0.5 and 1.0. It was assigned a value as 0.9. Crossover distribution index is inversely proportional to the amount of perturbation in the design variables. Typically, the value of 10.0 was set as 20 to balance the premature and perturbation. Mutation distribution index is similar to crossover distribution index and was set as 100. Scaling factors and weights setting. Scaling factors and weights affect the optimum results are critical to multiple-objective optimisation problems. In this optimisation, the optimisation function is also modified by the scaling factors and weights so as to get desired optimum combination of parameters. This modification is implemented through the following function, . Considering the range of the responses, namely the cold work, residual stress and the plastic strain, varies from one to another, the weights and scaling factors for these responses are set as following Table 2 . Robustness analysis. The robustness of the optimisation was analysed and its robustness is shown in Six Sigma graphs, Figure 1 (a), (b) and (c), respectively corresponding to each response, namely residual stress, cold work, and plastic strain. These graphs display a normal distributions for selected responses respectively. This distribution is generated using the calculated mean and standard deviation values for the response and displays the lower and upper bound values, the number of standard deviations between the bounds and the mean value, and the total quality level. As shown in Figure 1 that the values of residual stress are all in the range from -827 to 827, which is bounded according to material properties. The sigma level is 8 which is higher than the level 6. The level 6 shows that the percent variation is 99.9999998, which is a percentage of success. This greater value signifies that the reliability of residual stress is high and the optimisation of residual stress is reliable. Similarly, the sigma level of either plastic strain or cold work is also greater than the level 6. Likewise, their reliability are high and the corresponding optimisations are reliable.
Results of the optimisation
The linear Pearson Correlation method was used for the correlation calculation of parameter X and Y through the equation (2) as follows, r is the correlation value between the two parameters, X and Y. Through the above calculation, a correlation table is obtained as a patch chart that uses colour to represent the correlation value between selected output parameters and selected input parameters. This table provides a quick look at the most influential/influenced parameters from the selected parameters. Table 3: Correlation table of parameters   This correlation table uses different shades such as blue, green, yellow, and red to indicate the relationship between parameters. The greater the absolute value of a correlation coefficient, the stronger the relationship is between the parameters. The strongest relationship is indicated by a correlation coefficient of -1 or 1, and the patch is shaded dark blue (-1), dark red (1) red. The weakest relationship is indicated by a correlation coefficient of 0, and the patch is shaded green. Coefficient values between 0 and -1 or 1 are shaded a continuum of blue to green to yellow to red. According to this rule and the values in Table 3 , diameter, velocity, angle and time have descending effects on the residual stress. Regarding the plastic strain, velocity has the highest effect, followed by diameter and then angle; time has the lowest effect. While, the effects of the parameters to cold work is slightly different from their effects to plastic strain and residual stress. Diameter has the highest effect to cold work, followed by velocity and then angle, the lowest effect from time.
Summary and Conclusion
This paper reviewed the definition of a shot peening process and summarised its influential parameters. Then analysed the important investigations in optimisation of shot peening process. Accordingly, influential parameters were identified and optimisation function including objective function and corresponding constraints was formulated to carry out the optimisation. Finally, the shot peening process was optimised and the robustness of the optimisation was verified through reliability analysis. As a result, the study showed that velocity is the most influential parameters in terms of its effect on the responses followed by the impact angle, diameter of shots and the shot peening time, in this order.
